Abstract Cancer cells have a proliferative advantage by utilizing intermediates of aerobic glycolysis (Warburg effect) for their macromolecule synthesis. Although the exact causes of this Warburg effect are unclear, high osmotic stress in solid tumor microenvironment is considered one of the important factors. Oleanolic acid (OA) is known to exert anti-inflammatory and anti-cancer effect. In our current studies, using breast cancer cell lines, we determined the protective role of OA in high salt-mediated osmotic stress-induced cancer growth. Hypertonic (0.16 M NaCl) culture conditions enhanced the cancer cell growth (26 %, p \ 0.05) and aerobic glycolysis as marked by increased glucose consumption (34 %, p \ 0.05) and lactate production (25 %, p \ 0.05) over untreated cells. This effect was associated with increased expression and activity of key rate-limiting enzymes of aerobic glycolysis, namely hexokinase, pyruvate kinase type M2, and lactate dehydrogenase A. Interestingly, this high salt-mediated enhanced expression of aerobic glycolytic enzymes was efficiently reversed by OA along with the decreased cancer cell proliferation. In cancer cells, enhanced aerobic glycolysis is associated with the decreased mitochondrial activity and mitochondrial-associated caspase activity. As expected, high salt further inhibited the mitochondrial related cytochrome oxidase and caspase-3 activity. However, OA efficiently reversed the high salt-mediated inhibition of cytochrome oxidase, caspase activity, and proapoptotic Bax expression, thus suggesting that OA induced mitochondrial activity and enhanced apoptosis. Taken together, our data indicate that OA efficiently reverses the enhanced Warburg-like metabolism induced by high saltmediated osmotic stress along with potential application of OA in anti-cancer therapy.
Introduction
An altered metabolism in tumor cell relative to normal cell is considered a generally accepted hallmark of cancer [1] . The original pioneering studies by Otto Warburg in the early 1920s and subsequent research for 100 years have demonstrated that, under aerobic conditions, while normal cells completely metabolize glucose to carbon dioxide, in contrast, rapidly dividing cancer cells under similar conditions metabolize glucose incompletely to lactate, despite this process being least efficient in terms of net ATP production [2] . This unique phenomenon was eventually termed the Warburg effect or aerobic glycolysis. The altered metabolism has been considered as a consequence of cell proliferation. Further, several of these glycolytic intermediates are important for the synthesis of macromolecules such as lipids, nucleotides, and amino acids, thus arguing that aerobic glycolysis provides raw materials for cell proliferation [3] . The depletion of metabolic bi-products of aerobic glycolysis for synthesis o cell proliferation machinery also leads to subsequent allosteric effects on rate-limiting glycolytic enzymes [4] . Recent evidence suggests that this Warburg effect is not limited to cancer cells but is also observed in immune cell activation in lymph nodes [5] .
Although the exact causes leading to Warburg effect are still unclear, inflammatory signaling has been shown to induce this phenomenon [6] . Importantly, chronic inflammation is also a well-known cause for cancer development [7] . Traditionally, high salt (sodium chloride) has been thought to induce inflammatory response through oxidative and osmotic stress, a key feature well recognized in cardiovascular diseases [8] . Recent epidemiological studies demonstrate that high salt is correlated with increased incidence of cancer [9] . However, a direct role of high salt in cancer cell activation and proliferation is not wellestablished. Interestingly, studies by Wu et al. [10] have demonstrated that high sodium chloride in the culture conditions induced a direct CD4? T cell activation to inflammatory Th17 phenotype, suggesting a direct inflammatory effect of salt. Importantly, an equi-molar mannitol in their studies did not yield similar CD4? T cell activation, thus precluding a potential osmotic stress mechanism but rather a direct salt-induced pro-inflammatory signaling mechanism towards activation of T-cells. As the microenvironment conditions in lymph nodes and solid tumors have similarity with respect to lower pH and increased osmolality [11] , it is unclear whether this unique microenvironment is a downstream consequence of higher cellular activity in solid tumors and lymph nodes, or if it is an upstream cause leading to higher cellular activity. In our current communication, under in vitro conditions, we studied a direct role of high salt (NaCl) on the Warburg metabolism in breast cancer cells. Further, we have analyzed the potential protective effect of oleanolic acid (OA) a natural plant triterpenoid small molecule with known anti-inflammatory effect [12] towards abrogation of saltinduced damage on cancer cells.
Materials and Methods

Cell Cultures
The highly metastatic breast cancer cell line, MDA-MB-231 (HTB-26 TM ), and normalized breast epithelial cell line MCF10A (CRL-10317 TM ) were obtained from the American Type Culture Collection (Manassas, VA) and cultured in RPMI-1640 along with the media supplements at 37°C in 5 % CO 2 incubator as recommended by the manufacturer. In all our cell cultures, media were supplemented with TNFa (50 ng/mL) and TGFb (50 ng/mL) to promote active and robust cell growth [13] . For drug treatment studies, oleanolic acid (5 lM) in DMSO was used. For high salt studies, sodium chloride (NaCl, Sigma Aldrich, St Louis, MO) was supplemented (0-0.16 M) to RPMI-1640 media. The NaCl concentration RPMI-1640 is 0.1 M, and thus, following NaCl supplementation, the final NaCl concentration in culture media was 0.1-0.26 M.
MTT Assay
The cell viability was assessed by measuring MTT (4,5-dimethylthiazol-2-yl)2,5-diphenyltetrazolium bromide) assay as previously described [14] . Briefly, following various cell culture conditions, the cells were incubated with 5 mg/mL MTT in PBS for 2 h and latter lysed with lysis buffer. Detection at 570 nm was performed using EMax Plus spectrophotometer and data analysis was carried out using software provided by the manufacturer (Molecular Devices, Sunnyvale, CA). Viability was calculated as percentage compared to vehicle-control treated cells.
Glucose Consumption Assay
To measure, the glucose uptake was performed using the glucose uptake kit (Cayman Chemicals, Ann Arbor, MI) as per manufacturer's protocol. Briefly, cells were seeded at a density of 5000 cells/well in 96-well plates. Under various experimental conditions, cells were cultured along with 2-NBDG, a fluorescent analog of 2-deoxyglucose. The quantity of glucose consumption of the tested cancer cells was detected by fluorimetric analysis (485/535 nm) according to the manufacturer's instructions using Spectra Max Plus (Molecular Devices, Sunnyvale, CA).
Lactate Assay
The production of lactic acid was determined using lactate colorimetric Assay Kit (Sigma Aldrich, St Louis, MO) as the manufacturer's protocols. Briefly, following cell culture and centrifuge isolation cells were mixed with 45 mL of Lactate Assay Buffer. The absorbance at 570 nm was read using an EMax Plus spectrophotometer (Molecular Devices, Sunnyvale, CA) for quantitative analysis.
Western Blot
Western blot analysis was performed as described previously [15] on total protein extracted from cell lysates following various experimental condition. All primary and secondary Abs were obtained from Santa Cruz Biotech (Dallas, TX) unless mentioned otherwise. The following specific primary antibodies to hexokinase (*100 kDa, sc-374091), pyruvate kinase-M1 (PKM1 *60 kDa, #7067, Cell Signaling Technology, Danvers, MA), pyruvate kinase M2 (PKM2 *60 kDa, #4053, Cell Signaling Technology, Danvers, MA), lactate dehydrogenase A (LDH-A *51 kDa, sc-130327), peroxisome proliferator-activated receptor gamma co-activator 1-alpha PGC1 (*kDa, sc-13067), cytochrome C (*49 kDa, sc-514435), Bcl-2 (*29 kDa, sc-509), Bax (*23 kDa, sc-20067), and bactin (42 kDa, sc-10731) were utilized. The nitrocellulose membranes probed by appropriate secondary antibodies were developed using the chemiluminescence kit (Millipore) and analyzed on using Bio-Rad Universal Hood II (Hercules, CA). Densitometric analysis was done using the software provided by the company.
Pyruvate Kinase Activity
The pyruvate kinase activity was measured using the PK enzyme activity assay kit (Sigma Aldrich, St Louis, MO) as per manufacturer's protocol. Briefly, cell extracts were prepared and assayed for PK activity using buffers provided by manufacturer. The absorbance at 570 nm was read using a EMax Plus spectrophotometer (Molecular Devices, Sunnyvale, CA). The protein activity was measured using a standard curve developed using the standards provided by manufacturer and activity quantitative expressed as units/mg protein.
Cytochrome Activity
Cytochrome C oxidase assay was assessed using the appropriate colorimetric assay kit (BioVision, Inc, Milpitas, CA) performed as per manufacturer's protocol. The absorbance at 550 nm was read using a EMax Plus spectrophotometer (Molecular Devices, Sunnyvale, CA) for quantitative analysis.
Caspase Activity
Caspase3 activity was assessed using the appropriate fluorimetric assay kit (Cell Signaling technologies, Danvers, MA) performed as per manufacturer's protocol. The fluorescence measured at 380/460 and was read using Spectra Max Plus (Molecular Devices, Sunnyvale, CA).
Annexin-V Flow Cytometry
Apoptosis was analyzed using AlexaFluo-488 conjugated Annexin-V by flow cytometry [16] . The labeling was performed in 1:20 dilution to a 200 lL final volume of cells (1 9 10 6 cells/mL). The samples were latter analyzed using a FACS Calibur/LSRII flow cytometer (BectonDickinson, Franklin Lakes, NJ). Data were analyzed using company provided software. Gates were set according to isotype controls.
Statistical Analysis
Data are expressed as mean ± standard deviation. Statistical differences between means were analyzed using a paired or unpaired Student's t test, or subjected to analysis of variance and post hoc test. A value of p less than 0.05 was considered significant.
Results
Oleanolic Acid Reverses High Salt-Mediated Enhanced Glucose Consumption and Lactate Production in Cancer Cells
Due to aerobic glycolysis, cancer cells are characterized by increased glucose uptake and lactate production. As inflammatory and osmotic stress is known to upregulate Warburg effect [17] , we measured the protective effect of oleanolic acid towards reversing the Warburg glycolysis following high salt-mediated osmotic stress. Dose-dependent studies with varying sodium chlorides (0.1-0.26 M NaCl) on breast cancer cell line (MDA-MD-231) and normalized breast epithelial cell line (MCF10A) demonstrated an enhanced (Fig. 1a-f ) cell growth and proliferation at 0.16 M NaCl for 12-96 h time period. Further, treatment with oleanolic acid (OA 5 lM) at 0.16 M NaCl induced a 35 % decrease in proliferation on MDA-MB-231 breast cancer cells, while only 20 % decrease in proliferation in MCF10A (normalized) breast epithelial cells. Previous studies from other laboratories have demonstrated that OA reduces the Warburg effect in breast cancer cells [18] . In our current study, we have further explored the role of oleanolic acid in high salt-induced osmotic stress leading to Warburg-like glycolysis effect. Warburg-like aerobic glycolysis in cancer cells leads to enhanced glucose consumption and lactate production. Analysis of glucose consumption by 2-NBDG uptake assay [19] in MDA-MB-231 breast cancer cells (Fig. 1g ) demonstrated enhanced uptake following 0.16 M NaCl treatment (4290 ± 450 RFU) over DMSO treated negative control cells (3180 ± 390 RFU), which was significantly (p \ 0.05) reduced following treatment with OA (2230 ± 280 RFU). Furthermore, direct analysis of Warburg-like effect for lactate production in MDA-MB-231 breast cancer cells demonstrated that there was a 25.1 % increase in lactate production following high salt treatment (as compared to DMSO treated negative control), while there was a 45.4 % decrease in lactate production following OA treatment in high salt-induced breast cancer cells. Although a similar trend, a lowered effect on reversal of aerobic glycolysis following OA treatment was observed in normalized MCF10A breast epithelial cells compared to MDA-MB-
231 cells. These data suggest that high salt-mediated osmotic stress exaggerated the Warburg-like aerobic glycolysis effect on breast cancer cells which was efficiently reversed by oleanolic acid.
Oleanolic Acid Inhibits High Salt-Induced Glycolytic Enzymes
Enhanced expression of rate-limiting glycolytic enzymes hexokinase, lactate dehydrogenase (LDH), and pyruvate kinase (PK) have been shown to play an important role in drug resistance following breast cancer chemotherapy [20] . Therefore, we have determined the effect of high saltmediated osmotic stress on expression of key glycolytic enzymes and potential protective effect of oleanolic acid under the above conditions. As shown in Fig. 2a , 0.1 M NaCl induced significant over-expression of the enzymes hexokinase, PKM2, and LDH-A in MDA-MB-231 breast cancer cells which was efficiently reversed by OA. Further, analysis of PK activity by specific enzyme activity assay demonstrated a 58.7 % decreased PK activity following OA treatment in high salt-mediated osmotic stress-induced breast cancer cells. While similar pattern was observed in MCF10A normalized breast epithelial cells, the expression patterns were not statistically significant. These data indicate that high salt-mediated stress induces over-expression of pro-cancerous glycolytic enzymes, which was significantly inhibited by natural plant triterpenoid, oleanolic acid, suggesting its protective effect on breast cancer cells.
Oleanolic Acid Exerts Protective Effect by Inducing Mitochondrial Activity Following High Salt Stimulation
Stress-induced Warburg-like metabolic mechanisms have been shown to down-regulate the mitochondrial activity. Peroxisome proliferator-activated receptor gamma co-activator-1a (PGC1) is a critical regulator of mitochondrial biosynthesis and cytochrome C (CytC) is a crucial component of electron transport chain on mitochondrial membrane [21] . We have tested PGC1 and CytC expression and activity to determine the interplay of high salt and oleanolic acid on mitochondria-mediated metabolic activity. As shown in Fig. 3a cancer cell death induction by OA. Cytochrome C is the only water soluble component of electron transport chain and the release of cytochrome C is known to activate caspase pathway which is involved in cell death phenomenon. Analysis of cytochrome and caspase activity (Fig. 3b, c) demonstrated that high salt treatment reduced both cytochrome and caspase activity in MDA-MB-231 and MCF10A cells, which was significantly reversed by oleanolic acid treatment. These data strongly indicate that oleanolic acid can induce cell death in cancer cells and thus may have potential anti-cancer effect.
Oleanolic Acid Induces Apoptosis and Protection From Cancer Growth
As our previous studies (Fig. 3 ) have demonstrated enhanced caspase activity following OA treatment to high salt co-treated cells, we studied for the potential apoptotic effect of OA in these conditions. To specifically study the apoptotic effect of OA, we analyzed for the expression of anti-apoptotic protein, bcl-2, and pro-apoptotic Bax protein [22] . As shown in Fig. 4a , high salt treatment to MDA-MB-231 breast cancer cells induced expression of antiapoptotic Bcl-2, while there was minimal change in expression of pro-apoptotic Bax. This effect was reversed by OA which enhanced expression of pro-apoptotic Bax protein and thus altering the Bcl-2/Bax balance. Annexin-V a known binding molecule with phosphatidylserine is used as an early marker for apoptosis. Flow cytometry analysis (Fig. 4b, c) 
Discussion
Oleanolic acid (OA), a pentacyclic triterpenoid, is a natural plant compound documented to possess a wide variety of bioactivities including anti-inflammatory, hepato-and nephrotoxicity protection, and anti-tumor property [23] . However, the exact effect of OA on the metabolic pathway in cancer cells under various oxidative and inflammatory stress conditions is unclear. Recent studies by Liu et al. [18] have suggested that OA suppresses Warburg effect in cancer cells. In our current communication, we further support these finding by providing evidence the OA exerts protective effect from high salt-mediated osmotic stress on breast cancer cells. Osmotic stress is known to trigger cancer by its ability to induce proliferation through growth factor signaling [24] . Osmotic stress as induced by hypertonic saline and mannitol has shown to induce glucose transport and lactic acidosis, suggesting their role in inducing Warburg effect in cancer cells [25] . In line with this evidence, our studies with high salt in the external environment as induced Warburg-like effect of increase glucose consumption and lactic acid production ( Fig. 1 ) specifically in breast cancer cell line and not in normalized breast epithelial cells. In normal cells, the metabolism of glucose to lactate (by aerobic glycolysis) generates only 2 ATPs per molecule of glucose, and oxidative phosphorylation generates up to 36 ATPs upon complete oxidation of one glucose molecule [2] . However, rapidly proliferating cells such as cancers switch to aerobic glycolysis as these cell derive important metabolic requirements such as synthesis of fatty acids, amino acid, and nucleic acids from intermediates in glycolysis.
Understanding of this aberrant phenomenon of aerobic glycolysis in cancer cells has led to novel tumor therapeutic strategies targeted at switching back to mitochondrial oxidative phosphorylation and there by leading to cancer cell death [26] . Several compounds have been reported to suppress the growth of tumor cells by affecting aerobic glycolysis [26] . Three key rate-limiting enzymes in aerobic glycolysis are hexokinase, pyruvate kinase (PK), and lactate dehydrogenase (LDH) [20] . Interestingly, hexokinase is thought to bind to VDAC site and prevent activation of pro-apoptotic Bax [27] . In our current studies, high salt in the external culture media induced the expression and activity of these rate-limiting enzymes (Fig. 2) . Importantly, OA has efficiently decreased the expression of these three aerobic glycolysis associated enzymes, thus strongly suggesting a protective role of this compound in cancers. Previously, a specific small molecule inhibitor of hexokinase, 2-deoxyglucose (2-DG) has demonstrated promising chemotherapeutic molecule in combination radiation therapy to induce DNA based anti-tumor treatment approach [28] . Similar combination therapeutic strategies with specific inhibition of PK and LDH are under various phases of clinical trials. As our studies demonstrate that OA exerts down-regulation of these three enzymes, this compound has a promising potential in cancer therapy.
Several studies have confirmed that osmotic stress down-regulates apoptosis, while inhibition of aerobic glycolysis upregulates apoptosis [29] . In line with these studies, our data confirm that OA inhibits osmotic stressmediated upregulation of anti-apoptosis to induce cell death. Recent studies in hematological cancers have demonstrated that aerobic glycolysis suppresses p53 activity to induce protection from apoptosis [30] . Further as mitochondrial activity is down-regulated under aerobic glycolysis conditions, it is suggested that mitochondrialassociated Bcl-2 apoptotic regulators and caspase proteins are not released to induce cell death. Our studies demonstrate that high salt which induces aerobic glycolysis has down-regulated mitochondrial activity associated caspases and pro-apoptotic proteins. While OA reversed this effect by enhancing the mitochondrial activity and also efficiently inducing release of mitochondrial-associated caspases and pro-apoptotic Bax proteins and potentially leading to cell death and thus protection from cancer. However, our current study is limited to high salt-induced osmotic stress, while other non-ionic osmotic stress inducers such as mannitol need further study.
In conclusion, our results indicate that high salt-mediated osmotic stress induces Warburg-like effect which is more pronounced in breast cancer cells over normal cells. OA reverses this aerobic glycolysis by inducing mitochondrial activity and apoptosis, thereby leading to cell death. We think that OA, a natural plant compound, offers as a novel therapeutic agent as potential future combinatorial agent with current cancer chemotherapy and radiation therapy to further enhance the efficiency of anti-cancer treatment. 
